Abstract: Global warming, as well as europhication are predicted to promote cyanobacterial blooms, but how tropical phytoplankton communities from different trophic state systems respond to temperature variation is less known. To further explore the effect of temperature changes and nutrient addition on phytoplankton communities and to get insight in possible resistance to these effects, we tested the hypothesis that temperature variation will have a stronger effect on cyanobacteria dominance in eutrophic water than in oligo-mesotrophic. Hereto, we conducted an experiment with phytoplankton communities from two aquatic ecosystems differing in trophic state. Water samples from a eutrophic and an oligo-mesotrophic system were collected and incubated in 25 and 30ºC. Also, treatments that received additional surplus N and P were included that served as eutrophication treatments. Temperature variation itself did not promote cyanobacteria in either water from the oligo-mesotrophic or the eutrophic system. However, nutrient enrichment of water from the eutrophic system significantly boosted cyanobacteria, and biomass increased 10 times in both 25ºC and 30ºC treatments. In contrast, eutrophication of water from the oligo-mesotrophic system did not change the relative contribution of phytoplankton groups and response ratios were much lower than those for water from the eutrophic system. Although using a very simple experimental design, the results suggest that in eutrophic systems cyanobacteria dominance can be favoured by further addition of nutrients, independently of a direct temperature effect and that more pristine environments possess some resistance against eutrophication. Since global warming is assumed to intensify eutrophication symptoms indirectly, our study underscores the importance of nutrient control.
Introduction
Human activities are causing severe alterations in ecosystems worldwide. In particular, freshwater ecosystems are being transformed rapidly [1] . These systems have experienced altered precipitation patterns, more intense and longer periods of thermal stratification, modified hydrology, elevated carbon dioxide concentration, increased nutrient loading and elevated temperatures as a consequence of global change [2, 3] . Furthermore, these changes will probably be intensified in the next decades following both the expected increase in global temperatures and inputs of anthropogenic nutrients [4] . Phytoplankton, as primary producers of aquatic ecosystems, can be considered a target to experience these environmental changes since nutrient availability and temperature are among the main conditions that drive competitive advantage and regulate phytoplankton species distribution [5] . Some studies indicate that increasing nutrients and temperatures may exert a synergistic effect on cyanobacteria dominance [6, 7] . Actually, of all of potential environmental drivers behind cyanobacterial blooms, the one that has received the most attention among the scientific community has been anthropogenic eutrophication. Nutrient availability, mainly nitrogen and phosphorus, has been indicated as a primary factor in the expansion of blooms [8] . But, the direct and indirect effects of temperature have also been associated with phytoplankton composition changes, especially pointing that cyanobacteria are more favoured by elevated temperature than eukaryote competitors [2, 6, 9] .
Different works have reported that in the current century, the global temperature is expected to increase an additional 1.5 to 5°C above today's mean by 2100 (Hansen et al., 2000) and anthropogenic nutrients inputs will have doubled by 2050 [11] . Recent observations have shown that the effects of climate warming and eutrophication in U.S. lakes are dependent on trophic state [12] . Nutrients played a role in oligotrophic lakes, while temperature was important to mesotrophic lakes and the interactions between these two factors were only important in eutrophic and hyper-eutrophic systems [12] . To date, most information about possible effects of global change on freshwater ecosystems has been based on temperate lake systems [13] , which to emphasises the urgent need for more data on understudied tropical lake systems.
In this context, the objective of this study was to examine the effect of temperature alone and in combination with high nutrient addition on phytoplankton communities from tropical ecosystems of two different trophic states. In particular we tested the hypotheses that 1) temperature variation favours cyanobacteria growth more than that of eukaryote competitors, 2) temperature variation will have a stronger effect on cyanobacteria dominance in tropical eutrophic water than in oligo-mesotrophic water and 3) nutrient addiction will promote a stronger effect on cyanobacteria favoring in oligo-mesotrophic water than eutrophic water.
Results

Effect of temperature variation and eutrophication on tropical phytoplankton communities
The 5ºC temperature variation was not an important factor to change the phytoplankton composition, in both experimental conditions with water from the eutrophic and oligo-mesotrophic system (Fig. 1a,c and 2a,c) . At start of the experiment, the phytoplankton community of the eutrophic system was dominated by cyanobacteria (mean of all treatments: 88% of total biomass) with an average biomass of 127 µg chlorophyll-a L -1 . At the end of the experiment, cyanobacteria (mean: 70%) remained dominant over eukaryote algae (mean: 30%) in both treatments, 25ºC and 30ºC (Table I ). The biomass of these treatments never exceeded 250 µg L -1 for cyanobacteria and 60 µg L -1 for eukaryote algae over the entire experimental period (Fig 1a and 1c) . Also when nutrients were added cyanobacteria remained dominant (mean: 97.3%). However, nutrient additions boosted cyanobacteria biomass that increased from 124.1 (+ 1.9) µg L -1 to 1331.7 (+ 48.9) µg L -1 in 25ºC N+P and from 125.3 (+ 4.53) µg L -1 to 1264.0 (+ 124.0) µg L -1 in 30ºC N+P treatments (Fig. 1b and 1d , Table  I ). In water from the oligo-mesotrophic system at start of the experiment, eukaryote algae were more abundant (mean contribution for all treatments: 66.4%) than cyanobacteria (mean for all treatments: 33.6%). During the first three days of the experimental period the share of cyanobacteria in the phytoplankton community increased in all treatments, reaching about 50%, where after it was maintained until the end of experiment ( Fig. 2a and 2c) . The temperature variation, from 30ºC to 25ºC, did not change the contribution of phytoplankton groups and total biomass without nutrient additions remained < 20 µg chlorophyll-a L -1 ( Fig. 2a and 2c) . Addition of nutrients caused a slight increase to about 30 µg L -1 in the 30ºC N+P treatments (Fig. 2d ) and a stronger increase from 11 to 60 µg L -1 in the 25ºC N+P treatments (Fig. 2b , Table I ). Warming in itself led to negative response ratios for both cyanobacteria (RRcyano) and eukaryote algae (RRalgae) in eutrophic system (Fig. 3) , reflecting a decrease in biomass compared to the sole 25ºC incubations. No significant difference was observed between RR cyano and RRalgae eutrophic system at 30ºC treatment (p=0.807). The temperature decrease from 30ºC to 25ºC, in oligo-mesotrophic system, promoted the positive response ratios for both cyanobacteria (RRcyano) and eukaryote algae (RRalgae), indicating the biomass increase with decrease of 5 ºC of temperature.
However, nutrient additions either alone (25ºC N+P) or in combination with higher temperature (30ºC N+P) resulted in different responses in water from the eutrophic and the oligo-mesotrophic system (Fig. 3) . In water from the eutrophic system, nutrient addition caused a strong positive response ratio of cyanobacteria, while eukaryote algae remained a negative response ratio. The elevated temperature and nutrient addition (30ºC N+P) intensified the negative response ratio of eukaryote algae. The RRcyano was significantly higher than RRalgae (p=0.002). In contrast, RRalgae in water from the oligo-mesotrophic system were positive in both in nutrient enriched treatments (25ºC N+P and 30ºC N+P) (Fig. 3) , but significantly higher than RRcyano only in 25ºC N+P treatment (p<0.001). Nutrient addition led to a weaker positive RRcyano in the oligo-mesotrophic water when compared with the eutrophic water (Fig.3 ). 
Discussion
What is the effect of temperature and eutrophication on phytoplankton communities from tropical ecosystems of different trophic states?
Our results clearly showed that temperature in itself did not lead to higher cyanobacteria biomass in the experiment with water from an oligo-mesotrophic and a eutrophic system. In fact, response ratios even were negative meaning phytoplankton biomass declined in eutrophic system. In oligo-mesotrophic system, the small increase in phytoplankton biomass at 25ºC seems to indicate that higher temperatures can promote damage in phytoplankton community. Hence, the importance of a direct warming effect on freshwater phytoplankton -and particularly on stimulation of cyanobacteria -may be questioned. It seems more likely that indirect effects of warming such as increased thermal stratification and water column stability will promote cyanobacteria (with buoyancy control) over non-flagellate eukaryote algae [3] . However, by far the most important driver of cyanobacteria blooms is increased nutrient concentrations [14] .
Our results showed that adding extra nutrients caused higher phytoplankton biomass in water from both the oligo-mesotrophic and the eutrophic system. The response was much stronger in water from the eutrophic system in which cyanobacteria biomass was boosted to very high levels. However, there was no synergism between nutrient addition and temperature in the cyanobacteria development, as was suggested recently to play a role in eutrophic and hyper-eutrophic systems [12] . Thus, also under high nutrient conditions we found no evidence of a temperature effect on cyanobacteria biomass. Nonetheless, the results provide further evidence that eutrophic lakes with cyanobacterial blooms can also be sensitive to nutrient pulses giving further raise of cyanobacteria biomass; creating an even worse scenario. In high-nutrient systems, light might become a limiting factor steering cyanobacteria development [12] . Yet, some cyanobacteria species (f.e. Planktothrix agardhii) are particularly equipped to thrive under such conditions [15] .
The difference in response to nutrient addition between water from the oligo-mesotrophic and the eutrophic system underpins that lowering the nutrient status of lakes will render them less vulnerable to predicted effects of global changes [14] . These are likely the indirect effects that favor cyanobacteria biomass accumulation either at the water surface as a consequence of water column stability, or when populations are fueled from enhanced internal nutrient release and pulsed nutrient additions following precipitation. Such indirect effects may be more important than direct effects on growth [3, 16] . Hence, the lower biomass observed in oligo-mesotrophic systems seems to enhance resistance against nutrient pulses as is evident from the lower RRcyano found in this study.
The share of cyanobacteria in the phytoplankton community was lower in water from the oligo-mesotrophic system than in water from the eutrophic system, which was expected from the general tendency of cyanobacteria dominance in eutrophic systems [17] . In a shallow lake survey spanning several climate regions, temperature was determined as the single most explanatory variable of the percent cyanobacteria in the phytoplankton community [18] . However, in our experiment we did not observe an increase in the share of cyanobacteria when water from either the oligo-mesotrophic or the eutrophic system was incubated at higher temperature. Although the eutrophic water was already dominated by cyanobacteria (88%), nutrients further stimulated cyanobacteria contribution to 97% of the total phytoplankton, but not warming. Likewise, only temperature variation had no significant effect on the share of cyanobacteria in water from the oligo-mesotrophic system. Microcystis spp. were the only cyanobacteria in both oligo-mesotrophic and eutrophic systems in the end of the incubation. This was not surprisingly since M. aeruginosa and M. panniformes were reported as dominant species in cyanobacterial blooms in Jacarepaguá lagoon and Samuel reservoir respectively [30, 34] .
The existence of oligotrophic and mesotrophic reservoirs in Brazil devoid of nuisance bloomse.g., Lopes et al. 2005 [19] ; Soares et al. 2008 [20] , in close vicinity to eutrophic reservoirs that suffer from cyanobacterial blooms [20] [21] [22] [23] [24] highlights that warmer temperature in itself is not a key driver of cyanobacterial blooms. Several studies have addressed that indirect effects of climate change through nutrient loading may be more important than direct effects of temperature increase [3, 13] , which points to eutrophication. Indeed, higher nutrient availability will allow more biomass build up, where pulsed fluxes after short, intense storms increasing soil erosion will further fuel cyanobacterial blooms [25] . In addition, warmer temperature could lead to more water column stability promoting cyanobacterial nuisance as is evidenced in studies showing that in typical heat wave years cyanobacterial nuisance depended on water column stability [6, 26] . Water column stability was not included in our experiment as flasks were shaken twice a day. This, however, did not hamper cyanobacteria growth at all as strong cyanobacteria increase in the nutrient enriched eutrophic water treatments was observed. Nonetheless, water column stability is an important factor; even in oligo-mesotrophic lakes with low water column cyanobacteria biomass, wind-driven cyanobacteria scum accumulation may occur at certain near-shore sites, while open water might be quite clear [27] . Both aspects of warming -water column stability driven surface accumulation and enhanced nutrient loading -should urge water authorities for strong eutrophication control as only very low cyanobacteria biomass will be a guarantee for non-hazardous conditions. In tropical areas this might be even more necessary as tropical waters tend to be more vulnerable to eutrophication than temperate systems, because at elevated temperatures in shallow lakes loss of submerged vegetation and switch to cyanobacteria might occur at lower nutrient concentrations [28] . Thus, reduction in nutrient inputs are not only relevant to counteract indirect climate warming consequences in temperate shallow lakes [29] , but also in tropic lakes.
Methods
Evaluation of the effect of temperature variation and eutrophication on tropical Phytoplankton communities
To evaluate the effect of temperature variation and nutrients addiction on phytoplankton communities from tropical ecosystems of different trophic states, water samples from an eutrophic system (Jacarepaguá lagoon) and from an oligo-mesotrophic system (Samuel reservoir) were collected. Jacarepaguá lagoon (22º 55' S and 43º 17' W) is a water body located near the metropolitan area of Rio de Janeiro, southeast region of Brazil. It is a shallow (maximum depth: 1.5 m), oligohaline lagoon, with a surface area of 3.7 km 2 and annual mean water temperature of 25°C [30] . This system has undergone a eutrophication process over the last 30 years [31] . Unpublished data obtained during 2007/2008 and 2014 showed that DIN varied from 1.2 to 2.8 mg L -1 and SRP from 0.4 to 0.8 mg L -1 . The occurrence of cyanobacterial blooms has also been reported frequently over the last 20 years, with a predominance of Microcystis aeruginosa [30, 32] , including the occurrence of toxic strains [33] . Samuel reservoir (08°45'S and 63°26' W) is located 52 km from Porto Velho city, capital of Rondônia State, west Amazon region, Brazil. It has a flooded area of 584.26 km 2 , flow rate of 265m 3 s -1 ,water residence time of 105 days and annual mean water temperature about 28°C. The average of DIN and SRP observed during 2007/2008 were 0.5 mg L -1 and 0.08 mg L -1 , respectively [34] . Cyanobacteria dominance was already registered in this system, represented by the species Aphanocapsa holsatica, Microcystis panniformes and Merismopedia tenuissima [34] .
We sampled 5L of water from these two systems and the experiments were conducted with aliquots of 100 mL of non-filtered water that were transferred to 200 mL Erlenmeyer flasks and incubated at 25 and 30°C, with and without addition of nutrients. The lowest temperature (25°C) tested was chosen based on the annual average temperature in the water body from southeast of Brazil, and the highest temperature (30°C) considered an increase of 5°C to the annual mean (predicted by IPCC 2013 as result of global warming) for Jacarepaguá lagoon (eutrophic system). We tested the same temperatures for Samuel reservoir (oligo-mesotrophic system), however, the 30°C was considered the annual mean temperature for this system and 25°C was 5°C below of the annual mean temperature. Therefore, the water from eutrophic system was increased in 5°C and the water from oligo-mesotrophic system was decreased the same 5°C.
Eutrophication was simulated by the addition of nitrogen (7.0 mg N L -1 as NaNO3) and phosphorus (0.8 mg P L -1 as K2HPO4), to N+P treatment. Flasks were closed with cellulose stopper and placed in incubators (SOLAB SL-224) under a light intensity of 60 µmol photons m -2 s -1 provided in a photoperiod of 12 h and shaken manually twice every day. Both treatments were run in triplicate, and growth was monitored for seven days. Total-cyanobacteria and eukaryote chlorophyll-a concentrations were measured in each flask using a PHYTO-PAM phytoplankton analyzer (Heinz Walz GmbH, Effeltrich, Germany) on days 0, 1, 4, 5, 6 and 7 for eutrophic water, and on days 0, 3, 5 and 7 for oligo-mesotrophic water.
Data Analysis
We used the natural log transformed response ratio (RRx) as metric of the size effect of temperature and nutrients addition on cyanobacteria and eukaryotic algae growth rate. The response ratio of cyanobacteria (RRcyano) and eukaryote algae (RRalgae) was calculated as a ratio between the growth rate of each treatment T (30ºC, 25ºC+N+P and 30ºC+N+P) and the growth rate in the sole 25ºC incubations (used as control, C) following RRx = ln(T/C) [35] , for eutrophic water system. However, to oligo-mesotrophic system, we used the growth rate in the sole 30ºC incubations as control (C), since 30 o C was closest the annual average water temperature of this system. A two-way ANOVA with different trophic state systems (eutrophic and oligo-mesotrophic) and phytoplankton groups (cyanobacteria and eukaryote algae) as fixed factors were performed in order to test whether temperature and nutrients addition affect the response ratio of cyanobacteria and eukaryotic algae. All the statistical analysis was performed using tool-pack SigmaPlot, Version 12 (Systat Software, Inc).
Conclusion
It is widely believed within the scientific community that global warming; and the corresponding increases in water temperatures will promote cyanobacteria blooms. Our research shows that an increase of temperature itself is not necessarily the case because; according to our results; warming alone does not significantly change the phytoplankton community; but rather the process of eutrophication contributes more to such changes than warming alone. Therefore; it is important to emphasize that the complete scenario described during discussions about global warming and/or climate change events consider the holistic effects of those events to water bodies; including do not only temperature or nutrient increasing but the complex interaction among physical; chemical and biological parameters as well as the frequency and intensity of those "pulses". Besides; systems with different trophic states can respond in different ways to nutrient enrichment. Eutrophic water systems were shown to have intensified cyanobacteria dominance when more nutrients were added. In contrast; oligo-mesotrophic systems showed resistance by not changing the relative contribution of phytoplankton groups. All groups of algae could be favored by eutrophication, independently of a direct temperature effect. This suggests that in eutrophic systems cyanobacteria dominance can be favoured by further addition of nutrients. Since global warming associated with extreme climatic events are assumed to intensify eutrophication symptoms indirectly; our study underscores the importance of proper water management by regulatory agencies regarding the control of nutrient content/input into water systems. In addition to this; governing bodies and regulatory agencies must work to preserve already pristine ecosystems. Furthermore; the authors suggest that the potential resilience observed in oligo-mesotrophic system from a tropical region needs to be better understand.
